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Abstract

Atomic layer deposition (ALD) is the method of choice to obtain uniform insulating films on
graphene for device applications. Owing to lek of outof-plane bonds in the $fattice of
graphene, nucleation of ALD layers is typically promoted by functionalization treatments or

pre-depositionof a seedayer, which, in turp can adversely affect graphene electrical
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properties. Hence, ALD fadielectrics on graphene without pitenctionalization and seed

layers would be highly desirable. In this work, uniform@d films were obtained by seed
layerfree thermal ALD at 250 °C on highly homogeneous monolayer (1L) epitaxial graphene
(EG) (>98% 1 coverage) grown under optimized high temperature conditions-exisH
SiC(0001). The enhanced nucleation behavior on 1L graphene is not related to the SiC substrate,
but it is peculiar of the EG/SIC interface. #Aftio DFT calculations showed an emited
adsorption energy for water molecules on hightype doped 1L graphene, indicating the high
doping of EG induced by the underlying buffer layer as the origin of the excellg®t Al
nucleation. Nanoscale current mapping by conductive atomic forceosuopy showed
excellent insulating properties of the28% thin films on 1L EG, with a breakdown field >8

MV/cm. These results will have important impact in graphene device technology.

Introduction

The deposition of uniform and high quality ultrathisuators onto graphene represents a key
requirement for the fabrication of field effect transistéfssensors? as well as novel ultra
high-frequency device$>% based on this widely investigated adonensional (2D) material.
Among the differenphysical and chemical deposition techniques available to date, atomic layer
deposition (ALD) is the most promising one to achieve uniform and conformal insulators with
subnanometer thickness control, thanks to its laygtayer growth mechanisr! However,

in the case of graphene, the lack of-ofsplane bonds or surface groups in 8y lattice
typically represents the principal drawback to the starting of ALD growth. Hence, the most
common approaches to enable uniform ALD on graphene congist ofeation of functional
groups directly on the graphene itself or the deposition of a-laged on the graphene
surface®

Direct functionalization of graphene has been obtained by exposure to plasma or reactive gases

(910 performed either esitu or inside the ALD chamber, or using wehtemical treatments or
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dipping the graphene in:® before processing¥ In most of the cases, plasma or reactive gas
treatments convert part of tisg? bonds to oubf-planesp® bonds, allowing the attachment of
functional groups on graphene. On the other hand, the disruption efhEackbone of
graphene results in the deterioration of its electrical properties, such as the electron mean free
path and carrier mobility.

The seeding layer methogsoposed so far alude coating graphene with polymer thin films

or selfassembled monolayers (SAMsSY! the physical deposition of thin metal films
subsequently oxidized in a4 or the direct deposition of metakide layerd'® In most of

the cases, these seed layers are depositsiuex.e. outside the ALD chamber-$itu growth

of metatoxide (AkOs, HfO,) seedlike layers by lowtemperature wateassisted ALD has been

also recently exploreld®1”18 Although the use of sddayers does not significantly affect the

sp’ structure of graphene, the final sdagler/insulator stack typically exhibits an increased
equivalent oxide thickness with respect to a dielectric film deposited by pure thermal ALD.
Furthermore, the presenoéelectrically active defects at the interface between graphene and
the seedayer can be responsible of charge trapping effects commonly observed in graphene
devices!'8

From the discussion above, it is clear that ALD of dielectrics on graphene witheut pre
functionalization and seddyers would be highly desirable. Previous investigations focused on
thermal ALD on the pristine (i.e. untreateddaseedayer-free) graphene surfad&?02122
showed that the uniformity of the deposited films can be tailored, to some extent, by properly
tuning the deposition parameters, especially the temperature and the precursors residence time
(22 More interestingly, for similar deposition conditions, the quality of the deposited films
strongly depends on the kind of graphene usedpnethe graphene synthesis method, the
growth substrate, and eventual transfer processes from the native substrate to foreign ones.
As an example, in the case of high quality graphene flakes mechanically exfoliated from highly

oriented pyrolytic graphite (BPG), ALD growth was found to occur preferentially at the edges
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of the flakes[*¥ In the case of polycrystalline graphene grown by chemicalurageposition

(CVD) on catalytic metals (Cu or Ni) and transferred to insulating substrates (suchzps SiO
material deposition during ALD typically occursthe grain boundaries of graphene domains

and at nanoscale corrugations (wrinkles) of the graphesmabrané?¥ where the enhanced
reactivity is ascribed to the local strain ofCCbonds 2429 Furthermore, the transfer process
typically leaves polymeric residues on the graphene surface, which can help in promoting the
ALD nucleation. Interestingly, uform deposition of AlOs thin films by standard ALD with

H>O andTrimethylaluminum TMA) precursors has been demonstrated on monolayer CVD
graphene when it was residing on the native metal substrate (CuAu)Nivhereas non

uniform growth was observédr multilayer graphene on the same substr&®3he enhanced
nucleation in the case of monolayer graphene on the native metallic substrate was explained by
the presence of polar traps at the interface with the metal, which allows an increased adsorptio
of water molecules onto graphene during the ALD process usi@gad cereactant. The
strength of the electrostatic interaction with interface polar traps is obviously reduced in the
case of multilayer graphene, thus resulting in an inhomogeneeQs &verage 9 These

results showed how the graphene/substrate interaction and graphene thickness can play a crucial
role on the ALD nucleation ufarmity. At the same time, they suggest a route towards seed
layerfree ALD on pristine graphene, by takiagvantage of this interaction.

Epitaxial graphene (EG) grown by thermal decomposition of SiC (080%¢¥ is another
graphenebased material system especially relevant for Jeigth applications, such as
metrology, sensing, and high frequency transistbt$! Contrary to the case of CVD grown
graphene on metals, EG can be readily used for most of these applications, without need of
transfer procedures responsible of contaminations and damages. Furthermore, EG exhibits a
precise single crystalline alignment withe SiC substrate, due to the specific growth
mechanism, mediated by the formation of an interfacial carbon layer {taed buffer layer)

with partial sp hybridization with the Si facé®>3¥ This peculiar interface structure makes EG
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compressivelystrained, and the electrostatic interaction with the dangling bonds at the buffer
layer/SiC interface is responsible for a higtype doping (1& cm®) of the overlying graphene

(34 One of the main challenges in EG growth is achieving uniform mono{aimgraphene
coverage on the entire surface. As a matter of fact, EG thickness uniformity depends on the Si
sublimation conditions (temperature, pressure) and on the substrateotagyplin particular

the miscutangle, with better uniformity achievedrftow miscut angle SiC. EG grown under
typical conditions (T=1650-Ax3SIC(E08H B Gommdnlgr ) or
composed by monolayer domains on the planar (0001) SiC terraces, separated by long and
narrow bilayer (2L) or trayer (3L) grapkne stripes at SiC step edg&d Such steps are
inherent of SiC due to its crystal structure, and the preferential formation of 2L and 3ergraph

at their edges is related to the enhancedeSorption from these locations due to the weaker
bonding in the SiC matrix.

ALD of thin insulators (like AlOz or HfO2) on such pristine EG samples typically resulted in

a nonuniform coveragg®>3® with poor or no oxide nucleation in the vicinity of the step edges,
corresponding to 2L or 3L EG regiotid However, the mechanisms of the different nucleation
behaviar between monolayer and bilayer areas are still unclear. Furthermore, approaches to
improve the nucleation uniformity in EG need to be explored.

In the present paper, highly homogeneous EG sssnfith >98% 1L coverage and the
remaining~2% 2L regions confined in small patches) were grown under optimized high
temperature conditions on-@xis 4HSIiC. Uniform and conformal (pinhofeee) ALOs films

were obtained on these samples by thermal ALBEhout any seeding layer or pre
functionalization, except for the small 2L areas. Highly inhomogenea@s Bbverage was,
instead, obtained under identical ALD conditions on monolayer graphene transferred to 4H
SiC(0001), thus demonstrating that the umliggraphene reactivity is not related to the SiC
substrate, but it is peculiar of the EG/SIC interface-iftio DFT calculations showed an

enhanced adsorption energy for water molecules on monolayer graphene with incrégseng n
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doping, indicating théigh doping of EG induced by the underlying buffer layer as the origin

of the excellent AOs nucleation. Nanoscale resolution current mapping by conductive atomic
force microscopy (CAFM) showed excellent insulating properties of tb@®sAhin films on

monolayer EG.

2 Results and discussion

The EG samples used for these experiments were obtained by thermal decomposition of
nominally oraxis 4HSIC (0001) at a temperature of 2000 °C in inert gas (Ar) at atmospheric
pressure using a RF heated sublimatioacter. By using specific wettontrolled growth
conditions (temperature distribution in the growth cell, temperature ramping up and base
pressure) very uniform monolayer EG coverage on most of the SiC surface was obtained. This
can be easily deduced froneflectance mapping of the samples surface, which is a
straightforward method to evaluate the number of layers distribution on large area EG samples
by comparing the graphene thickness dependent reflected power with that of a {&if@ 4H
substratel®7 A representative reflectance map ofgaewn EG collected on a 3@in x30nmm

sample area is reported Higure 1(a). Here the small yellow patches, corresponding to 2L
graphene regions, cover only 1.3% surface and are surrounded by 1L graphene background o
the 98.7% the area. By analysis of many reflectance images taken on several sample positions,
a 1L graphene coverage >98.5% was estimateepresentative AFM morphology and the
corresponding phase map on an®0 x30mm sampé area are also reportedrigurel(b) and

Figure Xc), respectively. The morphological image shows the typical stepped surface of 4H
SiC (0001) resulting from the step bunching phenomenon occurring during high temperature
annealing. The variable contrast in the phase image omgitisdm the different electrostatic

force gradients experienced by the oscillating AFM tip at different surface positions; hence, it
can provide information on the variation in the number of graphene layers at different positions

(3839 |n particular, thesmall elongated patches with higher phase contrast inré=igc)
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correspond to the 2L regioms the reflectance maps in Figutéa). The histogram of phase
values extracted fra the phase map is shown in Figdi(e), which exhibits a main peak at
lower phases (associated to 1L graphene covered region) and a small shoulder at higher phases
(associated to the 2L graphene patches). By integration of the counts under the two peaks, 1L
coverage of 99% and 2L coverage of 1% of the surface area was deducédswbiasistent

with the percentages evaluated from reflectance nkapeally, Figurel(e) andrigure Xf) show

a higher resolution AFM morphology and a height line profile in a region including a 2L patch.
The~1.3 nm and~1.1 nm step heights in the lipgofile are associated to the SiC substrate
steps, whereas th®.4 nm step is the typical step height at the boundary between the 2L region
and the 1L one in the EG?

These highly uniform EG samples were employed, without anyfupictionalization and
seeding layer preeposition, as substrates for thermal ALD of@lthin films at a temperature

of 250 °C, using TMA and ¥D as the Al sourcandco-reactant, respectivelfzigure 2 reports

a complete structural and morphological characterization of g@sAlm obtained after 190
deposition cycles. A nominal film thickness of 15 nm was expected for this number of ALD
cycles, according to the@ nm/cycle deposition rate previously evaluated on reference silicon
substrate¥%*! Figure2(a) shows a high resolution cresmsctional TEM image of the deposited
Al20s3 film on EG/4HSIC(0001). The monolayer EG plus the underlying buffer layer can be
clearly identified at the interface between®@4 and SiC. The measured.@k thickness is 12

nm, i.e. thinner than the nominal one, which can be ascribed to a lower growth rat@sal

the graphene surface probably in the early stages of the depgsiicess. The amorphous
Al>0Osz layer shows uniform contrast in all its thickness, indicating a uniform density of the
material for this seethyerfree ALD deposition. The appearance of nanocrystalline features at
the interface with graphene and at the@l surface represent an artifact of the TEM
measurement, i.e. the crystallization of amorph®iu©s under the electron beam irradiation.

Such a phenomenon has been reported by different auffaasd the crystallization rate was
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found to depend on theem current. Although we tried to use a wide and sprdsehm for

TEM imaging, crystallization of A3z started to occur at the interfaces. Finaltiie
polycrystalline stripe on the top of the layer is a Pt shielding cover deposited before FIB
(Focused on Beam) thinning of the TEM lamella. In order to evaluate the morphological
homogeneity of the deposited-8k, large area scans have been carried odifierent sample
positions. Figure(b) shows a representative morphological image on @n2&20mm scan

area. The AIOs film is conformal with the topography of the EG/BHC suface (see, for
comparison, Figurg(b)), except for some small depressions showing the same elongated shape
of the 2L graphene patches. Fig@(e) shows the resulting histograrhheight values, where

the small depression can be associated to the asymmetric tail at lower heights. The sum of the
counts in this region of the distribution correspondst@®% of the total area, in agreement
with the typical percentage of bilayergrens present in EG. A higher resolution AFM
morphology of a region at the boundary with one of thesalpatches is reported in Figure

2(d). A very compact ADs film with small grains can be observed on top of 1L Gr, whereas a
less compact film with kger grains separated by small depressions (down to 2 nm) is found on
the 2L grapheneegion (see the linescan in Figie)).

Besides the 12 nm thick ADs film, obtained after 190 deposition cycles, thinner films have
been also grown on EG under the same conditions, using a reduced number ofrcyiotes.
Supporting Information a representative AFM image ofQAlobtained with 80 deposition
cycleshas beemeportedshowinga very similar morphology to that of the thicker film in trig

2(d).

In order to evaluate the changes eventually induced by the thermal ALD process at 250°C on
the structural quality and doping/strain of underlying EG, Raman spectyosmasurements

were carried out both on the virgin EG sample and after th©s:Afleposition. Two
representative Raman spectra fag tivo cases are reportedkigure 3, after normalization

and subtraction of the SiC substrate signal (see Supporting Btiomp The characteristic G
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and 2D peaks of graphene have been fitted with single Lorentzian functions. The values of the
FWHM for the 2D peaks in these representative spectra are consistent with the 1L nature of
epitaxial graphené*d The small changea the positions of the G and 2D peaks after th©A|
deposition indicate that the ALD process does not significantly affect the doping and strain of
the EG. The features in the 1200500 cm' range are related, in part, to the buffer layer at the
interface between EG and the silicon face of the SiC substrate. These are overlapped to the
defectsrelated D peak spectral region of graphene, making it difficult to evaluate eventual
changes in the defectivity induced by the ALD process. However, Ramaraspeeisured on
graphene transferred onto 45C, where buffer layer features are absent, clearly show that no
defects are introduced by the ALD process, as it will be discussed later in this paper.

It is worth emphasizing that, to the best of our knowledgeh highly uniform AIOs coverage

of graphene by a seeditayer free thermal ALD at a standard deposition temperature of 250 °C
has not been previously reported in the literature. Here, we ascribe the uniformity of the
deposited AlO3 to the excellent mnolayer graphene homogeneity of thEse samples

To support this idea, we carried out sémygker free thermal ALD of AO3 under identical
conditions on a different EG sample, obtained by high temperature decomposition of a 4H
SiC(0001) substrate with 45ff miscut angle. Differently from oeaxis SiC(0001), uniform
monolayer graphene coverage cannot be typically achievedf-@xie substrates, due to the
higher density of steps (nucleation sites for EG) resulting in a fast growth kinetics. In most of
the cases, multilayer graphene formation is reported in the liter&¥ireinder optimized
conditions, we obtained a mixed coverage with 1L and 2L graphene on most of the SiC surface.
A representative reflectance map collected ograsvn EG on the 40ff SIC substrates
reported inFigure 4(a), from which nearly equal percentages of 443.4%) and 2L+43%)
graphene was deduced. In additiethQ.3% of OL (i.e. the carbon buffer layer) argl3% of

3L coverage could be estimated. Figd(®) andFigure 4c) show typichAFM morphology

and phase contrast maps of this sample. As compared to EGaxiso8iC, a significantly
9
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higher surface roughness can be observed, due to the strong step bunching effect occurring
during the high temperature treatment for graphene foomalilore interestingly, thphase
contrast variation in Figur(c) is fully consistent with the inhomogeneous graphene thickness
distribution slown by the reflectance map (Figuté)).

Two typical AFM morphologies (at different magnifications) of theGildeposited on tBIEG

sample are reported in Figutéd) andrigure 4e). In this case, regions covered by a continuous
Al2Os film coexist with partially or totally uncovered regiansa micrometer scale area. Figure

4(f) shows a height linescaextracted alonghe dashed line indicated in Figure 4(e). From
Figure4(d) andFigure 4e), it is evident that the ADs uncovered or partially covered regions
follow the elongated pattern of SiC steps, similarly to tflectance and phase maps in Figure
4(a) andrigure 4c). This is a very different scenario with respect to the one observedHdr hig
uniform monolayer EG in Figur2 Notably, the inhomogeneous®k deposition obtained on

such a sample with varying EG thickness resembles the typicétkre=ported in the literature

for seedlayer free ALD on EG®

The results shown so far would lead to the conclusion that a highly homogeA&0:3
coverage can be achieved by sé&gerfree ALD on laterally uniform epitaxial graphene on
4H-SiC(0001), whereas the presence of 2L or 3L regions give rise to a locally inhomogeneous
deposition. In the following, the physical/chemical mechanisspaesible of such different
nucleation/growth behawvim will be explored.

Firstly, we would like to clarify the role played by the -&C substrate and by the peculiar
interface between graphene and SiC, i.e. the presence of the carbon buffer layeEGn the
system. To this aim, a single layer of graphene grown by CVD on copper was transferred to the
surface of a virgin 4F5iC(0001) sample. A highly homogeneous monolayer graphene
coverage of SiC is obtained by an optimized transfer procetdfirelowever,the resulting
transferred graphene (TG) on SiC is very different from monolayer EG on SiC, due to the lack

of the C buffer layer and of any epitaxial orientation with respect to the substrate.
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Figure 5(a) reports an AFM morphology of ADs with nominal 15 nm thickness deposited
onto TG on SiC using identical ALD growth conditions as those employed for the EG samples.
An inhomogeneous nucleation, giving rise to 3DMlislands growth can be deduced from
this image and from the peesentatie linescan in Figur&(b). The histogram of theelght
values extracted from Figure 5(a) is reported in Figgcg This distribution exhibits two very
distinct peaks, corresponding to the uncovered ap@sAlovered graphene areas. The scenario
illustrated by Figureb(a) is the typical one observed in the case of-tsext free ALD growth

onto monolayer graphene transferred to other substrates, likd?3i0

Figure 6 shows the comparison of two representative Raman spectra of monolayer EG and of
TG onto 4HSIC(0001), after ALD of AdOs. Both spectra have been, first, normalized to the
intensity of the SiC substrate signal and, therefore, subttdot the spectral features of SiC
(see Supporting Information). The EG Raman spectra exhibit ashlftef the G and 2D peaks
positions and much lowesd/Is intensity ratio with respect to the case of transferred graphene.
The FWHM of these two chartsristic peaks, obtained by single Lorentzian fit, are also
repoted in Figures. The low $p/l ratio for EG can be ascribed to the highype doping of

EG induced by the interfacial buffer layé¥**® Furthermore, the very large blue shift of the

2D peak in the case of EG is due to the compressive strain of this material, due to the stronger
coupling with the substrate via the buffer lay&t A correlation analysis of the 2D and G peaks
positions!*® (see Supporting Information) allowed to estimate agpe doping of 1.1x16

cm? and a compressive stragr-0.37% of EG on SiC with thermal ADs on top. A smaller
compressive straie=-0.07% and a4ype doping~5x102 cm? was evaluated for the TG with
nonuniform AlOs coating. The spectral features betwed250 and~1600 cmt in the EG
spectrum, associated with the underlying buffer Ia§}érare obviously absent in the Raman

spectrum of TG. It is worth noting that the absence of a D peak3@0 cm' in the spectrum
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of TG, with deposited A3 on top, confirms that no damage is produced in graphene by the
thermal ALD at 250°C.

The morological and Raman data in Figir@ndFigure6 demonstrate that the uniform and
conformal AbOs deposition achieved on monolayer EG is not eglab the SiGubstrate itself,

but to the peculiar properties of the interface between the EG and SIC, i.e. the presence of the
buffer layer, which is responsible of a higktype doping and strain of EGeveral recent
literature works reported on the enhanced retigtnf graphene to chemical species, like
diazonium molecules or metal ions, when subjecting the graphene membrane to significant
mechanical strain (up to 15 %% or doping (e.g. by field effect using a baghte)*°l
Furthermore, it has been recentlymmstrated how the contact angle of water droplets on the
graphene surface can be changed by -#éldct modulation of the doping® These studies

have been mainly carried out with CVD grown graphene transferred onto flexible substrates for
studies ontte effects of straif¥ and on a Si@Si backgate for studies on the effects of doping

[49 Recently, Giusca et al. reported on the impact of graphene layer thickness for water affinity
to EG, with an enhanced water adsorption on 1L regions as compared to 2L ones, that was
justified in terms of the different electronic structure between 1L and 2L of graphéne

Based on these recent literature reports, our experimental findings on the optimal ALD growth
of Al20s onto uniform monolayer EG samples can be mainly explained in tetims efhanced
physisorption of the water precursor, originating from the high electrostatic doping of EG
induced by the buffer layer/SiC dangling bonds. This explanation is also consistent with the
poorer AbOs nucleation on the 2L EG patches, since ikn®wn that 2L EG experiences a
reduced doping from the buffer lay&?@

To get further insight on the dophrglated enhancement of water affinity monolayer
graphene, we performed-afitio DFT calculation of the adsorption energy of water molecules

on an ideal frestanding graphene layer, by changing the Fermi level position with respect to

the Dirac point EEp, from 0 (neutral graphene) to 0.4¥, corresponding to a graphene n
12



WILEY-VCH

type doping close to the value for monolayer EG on SiC, i.e 3(B=b)%/pk?vF?=1.5x103

cn?( g being the electron charge =L#CFmihthe r educ
electron Fermi velocity in monayer grapene). As shown ifrigure 7, the water adsorption
energy increases frorl27 to~210 meV with increasing thetype doping in this range. We

also carried out DFT calculations of the adsorption energy of the TMA molecule on a graphene
surface as a functiasf the Fermi level of graphene. However, the increasing trend of adsorption
energy with doping, previously observed in the case of the water molecule, was not verified for
the adsorption of TMA on graphene. This indicates that, in the ALD process, dsping i
beneficial only for the wettability of the graphene surface by wé&ance molecules
physisorption on a surface is a thermally activated phenomenon, the time of residence of a water
molecule on graphene at a temperature T depends exponentially osdhwiad energy £as
t~exp(E/ksT), ks being the Boltzmann constant. Hence, for the typical temperature of the ALD
process (T=250 °C), the enhanced adsorption energy of water on the hityiplg doped
graphene translates inté times increase of the rdence time with respect to the case of
intrinsic graphene. This longer residence time of physisorbed water molecules provides a larger
number of reactive sites for Az formation during subsequent pulses of the Al precursor.

After assessing the morphgjical uniformity of the deposited &Ds films on our monolayer

EG samples, the electrical quality of these insulating layers was also evaluated by conductive
atomic force microscopy @BFM) for current mapping and locaM analyses!&5253

Figure 8(a) illustrates the experimental setup feAEM measurements on thea8lz thin films

on EG. In this configuration, current transport across the insulating layers is probed with
nanoscale lateral resolution. A morphology map ofsttenned area is reported in Fig8(b),

which includes both uniform ADz on 1L EG and AlOs on a2L EG patch. Figure8(c)(e)

show current maps collected on this area with increasing positive values of the tip bias with

respect to EG, i.e. ¥=3 V (c), 6 V(d) and 9 V(e). While uniform low current values are

13
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detected in all the considered bias rattgeugh the 12 nm ADs film onto 1L EG, the onset

of high current spots is observed in the 2L EGoegit a tip bias of 6V (see FiguB&l)). These
current leakage spots expand within the 2L EG region whgns\Murther increased to 9 V
(Figure8(e)).

Figure8(f) illustrates two representative local currgnttage characteristics collected by the
C-AFM probe on A¥Ozin the 1L and 2L EG regions. While current smoothly increases with
the bias for AlOs on 1L EG, an abrupt rise of current is observed fg~8V in the case of
Al>0s on 2L EG. This locally enhanced conduction in the 2L EG area can be justified by the
less compact ADs structure and the lower average thickness detected in these regyons. B
adopting a simplified planar capacitor model for the tigDAEG system, a breakdown field

>8 MV/cm can be estimated for the 12 nm@d on 1L EG. The high leakage current spots
observed in the 2L EG regions indicate premature breakdown events, wiakaldwn field

of ~6 MV/cm estimated for an average®kthickness of~10 nm in these regions.

Current mapping and locaiM characteristics measured byAFM have the advantage of
providing spatially resolved information on the conduction propertieéseotieposited ADs
insulator onlL and2L EG regions Of course, when fabricating macroscopic contacts with
severahm? areas, th@L regions, even with aery lowareal density, will represent the weaker
points for device reliability.This suggest that further efforts must be dedicated to improve the

EG thickness homogeneity, up to 100% 1L coverage.

3 Conclusions
In conclusion, uniform and conformal A& films were obtained by seddyerfree thermal
ALD on highly homogeneous moragler EG grown under optimized high temperature

conditions on oraxis 4HSiC(0001). The enhanced nucleation behavior on 1L graphene is not
14
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related to the SiC substrate, but it is peculiar of the EG/SIC interfacanitAh DFT
calculations showed an enhad@ssorption energy for water molecules on hightype doped
monolayer graphene, indicating the high doping of EG induced by the underlying buffer layer
as the origin of the excellent Az nucleation. Nanoscale resolution current mapping by C
AFM showedhighly uniform insulating properties of the 2813 thin films, with a breakdown

field >8 MV/cmon monolayer EGThese results are expected to have important implications

in epitaxial graphene device technology.

4 Experimental section

Materials preparationThe AbOs films were deposited by a thermal ALD process, using-a PE
ALD LL SENTECH Instruments GmbH reactor. Trimethylaluminum (TMA) and wate©{H

were used as aluminum and oxygen precursors, respectively. Both were detivkeacactor
chamber bynitrogen (), as carrier gas, with a flow rate of 80 sccm. During the ALD cycle,
pulse periods of 20 ms, for TMA and®l, were used coupled with a purging pulse ofdx 2

s, to remove unreacted precursors and to clean the deposition chamber. Accorifiag t
nominal growth rate of 0.8 A/cycle, a number cycles of 190 was used in order to depe®i a Al
thickness of~15 nm. All depositions were carried out at the deposition temperature of 250°C
and the pressure value of 10 Pa.

The ALD depositions of Az were carried out both on epitaxial graphene (EG) and transferred
graphene (TG) on Si C. E G waxis and 4° offaris 4biSI€ h o n
(0001) by thermal decomposition at high temperature (2000 °C) in Ar ambient at atmospheric
pressure ung an inductively heated reactor. Thickness uniformity of thgraen EG was
evaluated by reflectance mapping using setup consisting of a modified-Raoran
spectrometer, as illustrated in R€f. The number of layers was calculated by comparison of
reflectance values measured on bareSi€ with those on SiC coated with OL, 1L and 2L

graphene.
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Single layer graphene grown by chemical vaporodémn (CVD) on copper was also
transferred to 4F5iC (0001), with the transfer process consisting of the following steps:
PMMA coating as support layer, chemical etching of copper with a solution of ammonium
persulfate (APS), and graphene transfer prgnto the SiC surface. Before graphene transfer,
the native SiQ present on SiC surface was removed by a dip in HF. Furthermore, careful
cleaning of the graphene surface by acetone and isopropanol was carried out after the transfer,
in order to remove PMMAesiduals.

Atomic force microscopy (AFM) measurememtere carried out employing a D3100
microscope with Nanoscope V controller. Tapping mode morphology and phase images were
acquired using Si tips with 5 nm curvature radius. Local cunrelthge measureents and
nanoscale current map were acquired by conductive atomic force microscopy (CAFM) using
Ptcoated Si tips with 10 nm curvature radius.

Raman spectroscopy analysesre carried out using a Bruker SENTERRA spectrometer
equipped with a confocal mmscopy system and a 532 nm (2.33 eV) excitation laser at power
lower than 5 mW. The best spectral resolution was equal to*&acha data pitch equal to 0.5

cmit was employed. After the acquisition, to evaluate the graphene Raman bands shift, the
spectravere aligned to the Silicon band, which is located at 520:¥% cm

High-resolution transmission electron microscopy (ARM)analysesvere carried out on FIB
prepared crossectional samples to evaluate the thickness, structural and interfacial properties
of Al2O3 layer on epitaxial graphene/SiC, using an FEI THEMIS 200 aberration corrected
microscope transmission electron microscope.

DFT calculationsThe Density Functional Theory was used for the evaluation of the adsorption
energies of water molecules omargeneutral and electredoped graphene. Calculations were
performed with the plarnerave Quantum Espresso codé using the PerdesBurke-Ernzerhof
exchangecorrelation functional®® along with ultrasoft pseudopotential§® The studied

systems comprised of periodic (5%5) graphene supercells interacting with a su@le H
16
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molecule each, and separated by 15 A from their replicas along the direction perpendicular to
the graphene plane. Electronic convergence was obtained widmawave cutoff kinetic
energy of 35 Ry and an augmented charge density cutoff of 280 Ry. The Brillouin zone was
sampled with a Monkhorsackk-point grid®” of 4x4x1, while for the definition of the Fermi

level, singlepoint calculations with a gridf@4x24x1 were performed on the relaxed structures.
The adsorption energy was defined@s O o O , wereO and

'O were the total energies of the graphen@tdnd bare graphene system, respectively, under
the same&harge conditions, where@s was the reference energy for a singkHnolecule.

In order to properly evaluate the binding betwee® ldnd graphene, van der Waals corrections
were considered in the computational model within the DFScheme®85% giving rise to
adsorption energy estimates with a very good agreement when compared to higher order
methods 9 In order to simulate the doping conditions of EG on SiC(0001), we performed
calculations by gradually increasing the charge of the systestepg of0.1e, until reaching

the experimental charge value of epitaxial grapheh&& 1032 cm? achieved at a charge value

of -0.3efor our supercell modgl

A similar approach has been used to evaluate the adsorption energy of the TMA molecule on

grgphene surface as a function of the Fermi level position of graphene.
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Figure 1 (a) Reflectance map of @gown EG collected on a 3tim x30mm sample area. The

red contrast background is associated to 1L graphene (98.7% of total area) and the yellow
elongated patches to 2L graphene (1.3% of total area). (b) AFM morphology an@ge) ph
map on a 30m x30mm sample area. The small elongated patches with higher phase contrast
correspond to 2L Gr. (d) Histogram of phase values extracted from the phase map: the main
peak at lower phases is associated to 1L graphene covered regiossatidshoulder at higher
phases the 2L graphene patches. 1L coveod@9% and 2L coverage of 1% evaluated by
integration of the counts under the two peaks. (e) Higher resolution AFM morphology and (f)

height linescan of 1L EG including a 2L patch.
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Figure 2 (a) Crosssectional TEM image of the ADs film deposited on 1L EG on SiC. (b)
AFM morphology on 20m x20nm scan area and (c) corresponding histogram of height values,
showing uniform and conformal ADs coverage on 1L graphene and small depressions on 2L
graphene. Higher resolution AFM morphology (d) and height linescan (e)20% At the
boundary region between 1L EG and a 2L patch. A compa€sAlm with small grains is

observed on top of 1L EG, wheas AIOz with larger grains separated by small depressions (up

to 2 nm) is observed on the 2L EG region.
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Figure 3. Representative Raman spectra of virgin EG and after t@; Akposition
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Figure 4. (a) Reflectancgb) AFM morphology and (c) phase map of EG grown by thermal
decomposition of a 46ff SiC(0001) substrate. The evaluated percent coverage 6f0L306),

1L (~43.4%), 2L ¢43%) and 3L £3.3%) are reported in (a). AFM morphologies at different
magnificatiors ((d) and (e)) of the ADs deposited on this EG sample, showing the coexistence

of regions covered by a continuous®4 film with partially or totally uncovered regions. (f)

Height linescan extracted along the line indicated in (e).
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Figure 5. (a) AFM morphology and representative (b) height linescan gbAdeposited by
ALD onto TG on SiC. (c) Histogram of the height values extracted from (a), showing a bimodal
distribution with two very distinct peaks, corresponding to the uncovered a®4-édvered

graphene areas.
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Figure 6. Raman spectra of monolayer EG and of TG onteéSA€(0001), after ALD of 15 nm

Al2Os.
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